Smith JP, Solomon TE. Cholecystokinin and pancreatic cancer: the chicken or the egg? Am J Physiol Gastrointest Liver Physiol 306: G91-G101, 2014. First published October 31, 2013; doi:10.1152/ajpgi.00301.2013.-The gastrointestinal peptide cholecystokinin (CCK) causes the release of pancreatic digestive enzymes and growth of the normal pancreas. Exogenous CCK administration has been used in animal models to study pancreatitis and also as a promoter of carcinogen-induced or Kras-driven pancreatic cancer. Defining CCK receptors in normal human pancreas has been problematic because of its retroperitoneal location, high concentrations of pancreatic proteases, and endogenous RNase. Most studies indicate that the predominant receptor in human pancreas is the CCK-B type, and CCK-A is the predominant form in rodent pancreas. In pancreatic cancer cells and tumors, the role of CCK is better established because receptors are often overexpressed by these cancer cells and stimulation of such receptors promotes growth. Furthermore, in established cancer, endogenous production of CCK and/or gastrin occurs and their actions stimulate the synthesis of more receptors plus growth by an autocrine mechanism. Initially it was thought that the mechanism by which CCK served to potentiate carcinogenesis was by interplay with inflammation in the pancreatic microenvironment. But with the recent findings of CCK receptors on early PanIN (pancreatic intraepithelial neoplasia) lesions and on stellate cells, the question has been raised that perhaps CCK actions are not the result of cancer but an early driving promoter of cancer. This review will summarize what is known regarding CCK, its receptors, and pancreatic cancer, and also what is unknown and requires further investigation to determine which comes first, the chicken or the egg, "CCK or the cancer." receptor; G protein-coupled; gastrin; cholecystokinin; pancreas; cancer TRADITIONALLY HORMONES EXERT their effects on target organs through selective receptors, which initiate an intracellular signal that regulates cell function or tissue proliferation. In many instances, hormone receptors are overexpressed or aberrantly expressed in corresponding cancers that arise from target organs. Likewise, hormones that exert their effects in the gastrointestinal tract also are involved in normal physiological functions including regulation of cellular growth and secretion after signaling through selective receptors. Because of easy accessibility to the stomach, the gastrointestinal peptide gastrin has been well studied both in animals and humans, where it regulates gastric acid secretion (15) and gastrointestinal growth (44). A structurally related peptide, cholecystokinin or CCK, exerts its effects on the pancreas (enzyme secretion and growth) and the gallbladder (contraction), and its physiological actions have been well studied in animal models. However, because of the reasonably inaccessible retroperitoneal location of the pancreas and vulnerable nature of the pancreas, the role of CCK in normal human pancreatic function has been less well described. CCK and its receptors have also been shown to play a significant role in pancreatic carcinogenesis and stimulation of pancreatic cancer growth. This review will summarize published information on the role of CCK and its receptors both in animal models and in humans in relation to the development and perpetuation of pancreatic adenocarcinoma.
TRADITIONALLY HORMONES EXERT their effects on target organs through selective receptors, which initiate an intracellular signal that regulates cell function or tissue proliferation. In many instances, hormone receptors are overexpressed or aberrantly expressed in corresponding cancers that arise from target organs. Likewise, hormones that exert their effects in the gastrointestinal tract also are involved in normal physiological functions including regulation of cellular growth and secretion after signaling through selective receptors. Because of easy accessibility to the stomach, the gastrointestinal peptide gastrin has been well studied both in animals and humans, where it regulates gastric acid secretion (15) and gastrointestinal growth (44) . A structurally related peptide, cholecystokinin or CCK, exerts its effects on the pancreas (enzyme secretion and growth) and the gallbladder (contraction), and its physiological actions have been well studied in animal models. However, because of the reasonably inaccessible retroperitoneal location of the pancreas and vulnerable nature of the pancreas, the role of CCK in normal human pancreatic function has been less well described. CCK and its receptors have also been shown to play a significant role in pancreatic carcinogenesis and stimulation of pancreatic cancer growth. This review will summarize published information on the role of CCK and its receptors both in animal models and in humans in relation to the development and perpetuation of pancreatic adenocarcinoma.
Normal Physiological Function of CCK in Animal Models (Secretion and Growth)
CCK acts physiologically on CCK receptors to regulate secretion of digestive enzymes (88) and growth of the pancreas (18, 58) . Long-chain fatty acids and aromatic amino acids in the duodenum are responsible for stimulation of CCK release from I cells (64) via GPR40 (51) and calcium-sensing receptors (52) , respectively. Recent reviews describing vagal responses and the brain-gut pathway involved in regulation of CCK release have been published (11, 19) .
In isolated dispersed rodent pancreatic acinar cells, CCK has a direct effect resulting in increased cytosolic calcium (41) and release of amylase (73) (Fig. 1 ). Since these acinar cell models are denervated and do not have vagal influence, it was thought that the release of digestive enzymes from pancreatic acinar cells was a direct action of CCK on this target organ. Furthermore, in the dispersed acinar cells, atropine did not block the effects of CCK, suggesting that the mechanism of action of CCK was indeed a direct effect and cholinergically independent (107) . However, when researchers studied pancreatic secretion in intact animal models, the actions of CCK on pancreatic enzyme release were blocked by atropine and hexamethonium, cholinergic and ganglionic blockers, respectively (66) . These important findings led to the concept that CCKinduced pancreatic enzyme secretion is mediated by a cholinergic pathways in vivo (67) .
Two major physiological forms of CCK exist: CCK8 and CCK58. Whereas both forms exhibit similar actions on calcium signaling and enzyme secretion in the mouse acinar cells (16) , only CCK58 induces fluid secretion. It is postulated that, because of its actions on fluid secretion, even at high doses CCK58 does not induce pancreatitis, a known phenomenon of exogenous CCK8 administration. Both peptides are involved in satiety by altering the intermeal interval and animal behavior (29) , i.e., CCK8 reduces the time between meals. With careful laboratory techniques to prevent peptide degradation, CCK58 was discovered to be the major form of CCK in canine blood (23) and in human intestine (24) .
In addition to their important roles in regulation of digestive enzyme and acid secretion, CCK (58, 90) and gastrin (44) both exhibit trophic effects on the gastrointestinal tract in rodents. CCK has been shown to play an important role in regulating pancreatic growth in both adult (89, 90, 108) and neonatal animals (108) . DNA content and 14 C-thymidine uptake were increased in the rat pancreas after administration of exogenous CCK (58) . Radioactive thymidine uptake localized to pancreatic acinar cells and another "unidentified" cell type (90) after exogenous administration of CCK, indicative of hyperplasia in these cells. In addition to its trophic effect in the adult and neonatal pancreas, CCK has also been shown to play an important role in pancreatic regeneration (22) after pancreatitis or surgical resection (50) . The factors involved in pancreatic acinar cell dedifferentiation and proliferation were examined in cultured mouse pancreatic acinar cells, where dedifferentiation was determined to be independent of CCK but proliferation of acinar cells was CCK dependent (33) . In this cell culture model, Guo and colleagues (33) found that CCK stimulation increased c-Jun NH 2 -terminal kinase (JNKs), ERK, and AP-1 activity, which induced cell proliferation. These investigations suggest that cholinergic mechanisms mediate the effects of CCK on pancreatic enzyme secretion in the intact animal; however, the proliferative actions of CCK appear to be a direct effect on pancreatic acinar cells.
Just when we think we have an understanding of the proliferative effects of CCK on the normal pancreas, we are given information from genetically engineered mice lacking CCK. These animals surprisingly still have normal digestion and pancreatic weight (48, 53) . Furthermore, in this CCK peptidedeficient transgenic mouse model, the CCK-A receptor density was similar to that of the wild-type mice, suggesting either that circulating CCK concentration does not alter receptor number or that enough gastrin was present to stimulate the receptor. However, the idea that gastrin was responsible for maintaining pancreatic growth in the CCK knockout mouse was disproved by Chen and colleagues (14) , who showed that pancreatic weight was normal in a double CCK-and gastrin-knockout mouse. These genetically engineered models, although not physiological, again raise the question of whether CCK has a direct trophic action on the normal pancreas.
Cholecystokinin Receptors
Cholecystokinin receptors belong to the family of G proteincoupled rhodopsin receptors (GPCRs) (101) . Two CCK receptor types have been cloned and sequenced: the CCK-A (or CCK-1) receptor (102) and the CCK-B (or CCK-2) receptor (46, 103) . The CCK receptors are classic seven-transmembrane-spanning receptors that possess ϳ48% homology. Physiologically, the CCK receptors are differentiated by their binding affinities to CCK or gastrin, wherein CCK has 1,000-fold great affinity for the CCK-A receptor compared with gastrin and both CCK and gastrin have equal affinity for the CCK-B receptor (27, 42) . Selective CCK receptor antagonists have also been developed with high selectivity for each CCK receptor type; these compounds facilitate functional studies to discern receptor type in tissues or cells (4) .
Genetically engineered mice that are deficient in CCK-A receptors have impaired pancreatic enzyme secretion in response to exogenous CCK but still are capable of insulin production from the islets (95) . However, in these same CCK-A receptor-deficient mice, there is impaired pancreatic growth and decreased pancreatic DNA content compared with wild-type mice (95) . These studies suggest that the CCK peptide-CCK receptor axis must be intact for CCK to exert its direct proliferative effects on pancreatic acinar cells. CCK-A and -B receptors have also been identified on pancreatic stellate cells (68) , and stimulation of these receptors promotes collagen production and fibrosis (5, 68) , common features in both chronic pancreatitis and pancreatic cancer. Phillips and coworkers (68) demonstrated that pancreatic stellate cells can secrete acetylcholine, which in turn induces secretion from pancreatic acinar cells. Investigators are discovering that there is cross talk among various cell types of the pancreas including stellate, islet, acinar, and duct cells. Intricate control of normal physiological functions of an organ such as growth and secretion are thought to be modulated by the microenvironment created by these interactions. The study of CCK receptors in normal human pancreas tissue has been problematic and controversial. Despite these obstacles, the general consensus has been that whereas CCK-A receptors are the predominant variety in rodent pancreas (6, 102) , CCK-B receptors are the predominant receptor type in human pancreas (35, 80, 105) .
Many studies to determine the presence of CCK receptors in the normal human pancreas have examined receptor mRNA. By analyzing RNA, Wank and colleagues (104) (71) reported that CCK-A receptors could be localized to the nerves in the normal human pancreas whereas CCK-B receptors localized predominantly to the islets and acinar cells. Galindo et al. (26) showed that human pancreatic tissue extracts expressed some, albeit minimal, CCK-A mRNA receptor activity by RT-PCR and much greater expression of the CCK-B receptor type. However, the "normal" human pancreas tissues examined in Galindo's experiments and in some others were obtained from specimens adjacent to pancreatic cancer and therefore these tissues were only macroscopically deemed normal. Although these experiments suggest that the predominant CCK receptor type in normal human pancreas tissue is the CCK-B receptor from the detection of RNA, none of these experiments demonstrated a physiological and functional receptor.
Extending the studies beyond mRNA, Smith et al. (76) showed that the normal human pancreas exhibited CCK-B receptor protein with a binding affinity in the physiological range for the ligand (nM) by radioactive pharmacokinetic receptor binding assays. Although this was the first evidence of receptor protein binding for CCK receptors in the normal human pancreas, the exact cell type bearing the receptors could not be discerned since the binding assays were performed with whole tissue/cell homogenates. To ascertain specific cell types with CCK receptors, Tang et al. (98) examined human pancreas CCK receptor protein by autoradiography with receptor type being specified by competition with selective antagonists. This group compared the binding of CCK in human pancreas specimens to that of human gallbladder smooth muscle and determined the predominant receptor type in the human pancreas to be that of the CCK-B receptor type. Although Ji and coworkers (43) confirmed the presence of CCK-B receptors both in human pancreatic extracts and in isolated human pancreatic acinar preps by RT-PCR techniques, they concluded that these receptors were "nonfunctional" since treatment with CCK failed to stimulate amylase secretion and, thus, that CCK only stimulated pancreatic acinar cells via vagal efferents. These human experiments are further supporting evidence that pancreatic secretory pathways are mediated by cholinergic mechanisms rather than the direct action of CCK on acinar cells. Others have suggested that a possible explanation for Ji's nonfunctional CCK receptors on human acinar cells may be attributed to the tissue transport time from the operating room to the laboratory, resulting in receptor protein degradation. Evidence supporting this speculation of possible receptor degradation includes the fact that supraphysiological doses of carbachol (1 mmol/l) were necessary to elicit a calcium response from the isolated human acinar cells (43) . In a study by Murphy and colleagues (65) , human pancreatic tissue was suspended immediately in a buffered solution containing protease inhibitors and transported to the laboratory for processing in less than 10 min. With this careful technique, appropriate buffer solution, and rapid tissue handling, these researchers measured calcium fluxes and demonstrated functional CCK receptors in isolated human pancreatic cells after physiological doses of acetylcholine (50 nM) and CCK (2 pM). Atropine successfully blocked the calcium response induced by acetylcholine but not by CCK. The authors also suggest that another possible reason they were able to successfully elicit a response from human acinar cells to CCK was because tissues from any subjects with pancreatic duct obstruction, which may also diminish calcium responses to exogenous stimuli (63), were not used. These investigations suggest that, with appropriate selection and handling of the tissues, functional CCK receptors are present on normal human pancreatic acinar cells.
CCK receptors have also been reported in human pancreatic cancers (80, 81, 87, 105) , and the number of receptors in the cancer tissues was markedly increased over normal human pancreas (76) . The CCK-B receptor appears to be the predom- 
Values are means Ϯ SE from 3 experiments performed in triplicate. Binding of 25 pM 125 I-CCK-8 to PANC-1 cellular homogenates was assayed in buffer containing various additives at 4°C, pH 7.4. Addition of cations or EGTA markedly decreased specific binding and the absence of leupeptin and bovine serum albumin (BSA) markedly decreased binding. Compounds present in buffer are designated by a ϩ. PMSF, phenylmethylsulfonyl fluoride. From Ref. 81. inant receptor type in pancreatic cancer; however, some pancreatic cancers reportedly also have the CCK-A receptor (61, 105) . Since CCK-A receptors are not expressed in normal human pancreas tissue, Weinberg et al. (105) proposed that the presence of the CCK-A receptor could be a useful biomarker for the detection of pancreatic cancer. In contrast, despite finding CCK receptor mRNA in human pancreatic cancer (26, 61, 105) , others have failed to detect CCK receptors (71) , possibly because of the method of tissue handling, experimental conditions, and the sensitivity of the receptors to proteolytic degradation, oxidation, and RNA digestion. With the use of appropriate buffer conditions containing protease inhibitors and controlled temperature, detection of CCK receptors considerably improves (Table 1) (Fig. 2) (75) . These data indicate that the CCK-B receptor is linked to trophic actions on pancreatic cells and the CCK-A receptor may be linked to secretion. Since pancreatic cancer cells do not secrete digestive enzymes, the purpose of the CCK-A receptors on these cells is unknown. In PANC-1 human pancreatic cancer cells, downregulation of the CCK-B receptor with RNA interference while leaving the CCK-A receptor intact inhibits proliferation and induces apoptosis and cell cycle arrest (Fig. 3) (25) . These data suggest that the predominant receptor type in human pancreatic cancer is the CCK-B variety and that this receptor, rather than the CCK-A receptor, is the one associated with proliferative effects. Further evidence to support a role of the CCK receptor in growth of human pancreatic cancer comes from the results of a clinical trial in which immunization to gastrin improved survival in subjects that seroconverted (8) . CCK-B receptors have also been identified in other gastrointestinal adenocarcinomas (2) including esophageal cancer (62) and stomach cancer (40) .
A third CCK receptor, called the CCK-C receptor for its association only with cancer, has also been identified as a splice variant of the CCK-B receptor (85, 86) . This receptor variation is the result of a single nucleotide polymorphism (SNP) in position 32 of the fourth intron causing missplicing of the fourth intron resulting in translation of 69 additional amino acids (77) . By transfecting this spliced variant receptor into Balb3T3 cells (37) or into non-CCK-C expressing pancreatic cancer AsPC-1 cells (77), increased growth rate compared with vector transfected cells. Humans subjects with pancreatic cancer that express the A-allele SNP of the CCK-B receptor exhibit a more aggressive phenotype and shortened survival (77) .
Intracellular Signaling
After ligand binding to the CCK-A or CCK-B receptors, GTP-coupled responses stimulate activation of either adenylate cyclase or PLC, respectively (20) . Depending on the cell type, various intracellular signaling pathways are initiated after CCK binding that result in enzyme/acid secretion, cellular proliferation and antiapoptosis, and cell migration (20, 32) . Intracellular signaling pathways activated involve the hydrolysis of phosphatidylinositol bisphosphate by PLC to generate inositol trisphosphate and diacylglycerol, which subsequently induce calcium mobilization and activation of PKC (Fig. 4) (21) . Several of these pathways involve activation or cross talk with tyrosine kinase receptors (EGF) and proliferative pathways associated with cell growth [mammalian target of rapamycin (mTOR), Akt, ERK, etc.]. Mitogen-activated protein kinases (MAPKs) including ERK and JNK may be regulated by GPCRs including CCK receptors (21, 91) . The epidermal growth factor receptor (EGFR) is also regulated by gastrin through the CCK-B receptor mediated by the Src family kinases (34) , and oncogenic Kras in pancreatic cancer cells has also been shown to upregulate EGFR expression (1) . In studies on human cancer cells, mitogenic cellular kinases such as phosphorylation of Akt are significantly decreased when the CCK-B receptor is downregulated by RNA interference techniques (Fig. 3D) (25) . These studies and others show the importance of intracellular mechanisms involved in cell signaling and activation of mitogenic pathways after activation of CCK receptors. These studies are also supportive of an important role of CCK and gastrin in the proliferative mechanisms of pancreatic cancer.
Cocarcinogenic Potential of Cholecystokinin in Models of Pancreatic Cancer
Several animal models have been used to study pancreatic cancer (93) (56) and ductal carcinomas in hamsters (55) . In these models, CCK-B is the receptor type associated with the cancer cells, even in the azaserine-induced cancers like cell line AR4 -2J (70) . Immunodeficient animal models such as athymic nude or SCID mice have also been used to study human pancreatic cancer growth by employing either subcutaneous xenografting of cancer (75, 83) or orthotopic transplantation (60, 72) . Exogenous administration of CCK or a CCK analog caerulein has been used for decades as a classic model for experimental pancreatitis (30, 45) . In these experimental models, CCK administration has been shown to accelerate carcinogenesis. Using the same dose of CCK that induced hypertrophy and hyperplasia of the pancreas, Howatson and Carter (38) showed that the latency period to develop pancreatic cancer was shortened and the incidence of pancreatic cancer was significantly increased in the BOP-carcinogen cancer hamster model (Fig. 5) . Additionally, exogenous treatment with CCK has been shown to accelerate precursor PanIN (pancreatic intraepithelial neoplasia) lesion progression to cancer in the Kras transgenic mouse model (10) . Although the Kras G12D -engineered model of pancreatic cancer develops PanIN lesions and may develop pancreatic cancer (100) slowly over time, it has been suggested that a second "hit" is needed for progression to cancer in these mice (39) . In a study by Carriere and coworkers (10), it was suggested that inflammation induced by CCK was the factor that accelerated the production of premalignant and malignant transformation in the Kras mice. Our laboratory has recently identified CCK receptors in early PanIN lesions in mice with Kras mutations and also in humans (unpublished observation). Treatment with CCK receptor antagonists completely halts the progression of PanIN lesions, confirming the important role of CCK in early carcinogenesis and a potential pathway for therapeutic intervention for high-risk populations.
Role of Endogenous CCK in Potentiating Pancreatic Cancer Development
Epidemiological studies have reported that the incidence of pancreatic cancer is increased in countries that consume highfat diets (28, 36, 57) . In a large prospective study, an association was found between dietary intake of fat and pancreatic cancer (99) . Many researchers have focused on insulin, leptin, adiposity, and glucose as the most critical factors contributing to an increased risk of pancreatic cancer in obese individuals. Most theories connect obesity and pancreatic cancer risk through one of the following mechanisms: 1) increased insulin and IGF stimulate proliferation via signaling through IGF receptors; or 2) reactive oxygen species and oxidative stress directly damage DNA or indirectly lead to chronic inflammation. Dawson et al. (17) showed that, in the Kras G12D mouse model, PanIN lesion progression was accelerated with a diet high in polyunsaturated fats. Their findings were attributed to many factors such as hyperinsulinemia, hyperglycemia, pancreatic inflammation, elevated IGF1 levels, and elevated leptin levels; however, CCK plasma levels were not measured. Lavine et al. (49) recently showed that in the pancreas of 4-and 14-wk-old obese mice (C57BL/6-Leptin ob/ob mice), CCK mRNA is upregulated 500-fold compared with lean mice and expressed in both the ␣ and ␤ cells of the pancreatic islets. Strikingly, CCK was the most upregulated gene in this model. Furthermore, CCK peptide was undetectable in the pancreas of lean mice, whereas obese mice had high levels of the bioactive form of CCK peptide. Endogenous overproduction of CCK in animals receiving a diet high in fat has been shown to accelerate pancreatic cancer growth and the effect is blocked by concomitant treatment with a CCK receptor antagonist (78) . A proposed schema regarding how a diet high in fat can induce pancreatic cancer and fibrosis is shown (Fig. 6) .
The Chicken or the Egg
In the pancreas of the fetal rat or mouse, gastrin mRNA and peptide are detected but levels rapidly decrease to zero within 20 days after birth, and gastrin expression is then only detected in the gastric antrum (3, 7, 92, 92) . A similar pattern is seen in the developing human pancreas where low levels of gastrin RNA may be present in the fetus (92, 96) , but there is no gastrin peptide by radioimmunoassay in the adult pancreas (76) . Using genetic mouse models, Suissa et al. (92) showed that in the developing pancreas, gastrin-positive cells were derived from Ngn3ϩ endocrine progenitor cells and expressed transcription factors Nkx2.2 and Nkx6.1 but low levels of Pdx1. Similarly, CCK mRNA has also been detected in the human fetal pancreas where it appears to be localized to the islet cells (97) , but this peptide is also not found in the adult pancreas. As described above, Lavine et al. (49) reported that CCK mRNA in the pancreas of obese mice (C57BL/6-Leptin ob/ob mice) was upregulated 500-fold compared with lean mice, and CCK was the most upregulated gene in the obese mice pancreas. CCK peptide levels were also increased in the islets of these obese mice and were associated with an . Proposed pathways by which chronic dietary fat increases pancreatic cancer risk through a CCK-mediated mechanism. Chronic consumption of high fat has been shown to increase blood CCK levels. In turn, CCK can act on the CCK receptors on islet, acinar, and stellate cells. On the acinar cells, CCK induces the release of digestive enzymes that may induce a smoldering pancreatitis. CCK also induces pancreatic acinar cell hyperplasia and increases DNA synthesis after cell signaling and induction of mitogenic cell processes involving activation of epidermal growth factor receptor (EGFR), ERK, mammalian target of rapamycin (mTOR), and Akt. The chronic inflammatory state may trigger oncogenic Kras and lead to the transformation of cells and development of PanIN (pancreatic intraepithelial neoplasia) lesions. Over time and with the reactivation of endogenous gastrin, a cancer cell forms. CCK also interacts with receptors on pancreatic stellate cells to release ACh and induce more pancreatic enzyme release with inflammation. Stellate cells also respond with the production of collagen and fibrosis. In the presence of high dietary fat and obesity, CCK interacts with the islet cells and has a role in the release of insulin. Over time CCK synthesis occurs within the islets and beta cell mass increases.
expanded beta cell mass in the islets. Takaishi and colleagues (94) used a mouse reporter model with green fluorescent protein (GFP) cloned into a bacterial artificial chromosome containing the entire gastrin gene to study gastrin gene expression in developing tissues. In this model, GFP-positive cells were detected in the fetal pancreas islet cells but again not in the adult pancreas.
In contrast to the absence of CCK and gastrin in the normal human pancreas, our laboratory (75, 76, 82) and others (9) have reported gastrin immunoreactivity in tissues from patients with pancreatic adenocarcinoma and in pancreatic cancer cell lines. The physiological form of gastrin produced and released into the growth medium from pancreatic cancer cells was determined to be gastrin-17 (82) . The role of gastrin expression or reexpression in the cancer cells is related to proliferation since growth is impaired when gastrin is downregulated in pancreatic cancer cells in vitro (31, 84) . When stable gastrin shRNA knockdown human pancreas cancer clones are grown orthotopically in athymic nude mice, both primary tumor growth and metastases were inhibited, demonstrating the importance of gastrin in regulating growth and spread of pancreas cancer (60) . Additionally, the growth rate of human pancreatic tumors in nude mice is directly proportional to the level of gastrin mRNA expression (60) . Although CCK peptide has also been associated with some human cancers, the rate of pancreatic tumor growth is unaltered by downregulation of CCK (61) , indicating that gastrin peptide reexpression in cancer is the peptide involved in autocrine regulation of growth rather than endogenous CCK. The autocrine mechanism of gastrin fueling its own fire is substantiated by the finding that endogenous gastrin from cancer cells has been shown to induce its own transcription by activating the CCK-B receptor (47) . Thus pancreatic cells that produce gastrin and CCK peptides embryologically become "silenced" in the normal adult pancreas until something changes to reactivate expression and transform the cells into cancer. It is also uncertain whether these reactivated cells are stem cells, normal pancreatic acinar cells, or progenitor cells that have been in senescence or suppressed.
There has been a long-time concern about the potential risk of gastric acid proton pump inhibitors raising gastrin levels and inducing cancer; however, numerous studies have demonstrated that subjects with high gastrin levels for other reasons (pernicious anemia, Zollinger-Ellison syndrome) are not at increased risk to develop gastrointestinal cancers. And although exogenous administration of CCK or gastrin promotes pancreatic cancer in animal models, there usually is a concomitant chemical given such as a carcinogen or alcohol, or a coexisting state such as inflammation, pancreatitis, obesity, high dietary fat, or other predisposing genetic risk factors (i.e., mutated Kras). Understanding the underlying triggers that cause reactivation of CCK and gastrin reexpression from their postnatal silenced state to active state in cancer may unlock the door to many questions. Perhaps after an injury like pancreatitis, CCK activation is a normal physiological event in an attempt to restore and repair damaged acini, but with repetitive attacks of relapsing or chronic pancreatitis CCK levels remain elevated and with unopposed stimulation induce transformation. Indeed patients with chronic pancreatitis have been found to have elevated CCK blood levels, and treatment of these patients with a CCK receptor antagonist reduces pain (74) . It is unknown, however, whether high-risk patients such as those with hereditary pancreatitis (106) would benefit from treatment with a CCK receptor antagonist or whether this therapy could lower the risk of malignant transformation in this population.
Research demonstrating the presence of CCK receptors on pancreatic stellate cells (5) and the reversal of fibrosis in the Kras engineered mouse by using CCK receptor antagonists (59) suggests that CCK has a role in the formation of the desmoplastic microenvironment surrounding pancreatic cancer. Whether elevated CCK blood levels associated with high dietary fat or chronic pancreatic inflammation act on normal CCK receptors to induce proliferation and activation of a transformed cell leading to cancer is unknown. However, consideration for clinical trials using CCK receptor antagonists as an adjuvant to chemotherapy or a preventative therapy in subjects with risk factors such as chronic or hereditary pancreatitis should be considered. And whether CCK's role in pancreatic cancer is the chicken or the egg, the best way to serve it is "fried."
